The chemical composition of essential oils obtained by hydrodistillation from aerial parts of Ocimum basilicum, Ocimum canum and Ocimum gratissimum from Benin as affected by harvesting time, were analyzed by GC-FID (Gas chromatography-Flame ionization detector) and GC-MS (Gas chromatographyMass spectrometry). Based on the composition analysis, major components were as follows: estragol (43.0 -44.7 %) and linalool (24.6 -29.8 %) in O. basilicum oils; carvacrol (12.0 -30.8 %) and p-cymene (19.5 -26.2 %) in O. canum oils; thymol (28.3-37.7 %) and γ-terpinene (12.5-19.3 %) in O. gratissimum oils. Disc diffusion and broth microdilution assays were used to evaluate the antibacterial activity of essential oils and their main components against two foodborne bacteria, Listeria monocytogenes and Salmonella enterica serotype Typhimurium. The tested oils and their components exhibited notable antimicrobial activities against L. monocytogenes and S. Typhimurium. The O. canum and O. gratissimum oils collected at 7h and 19h showed significant higher activities against L. monocytogenes and S. Typhimurium (MICs and MBCs 0.34 -2.5 μL/ mL) (p < 0.05), whereas O. basilicum showed lower activity (MICs and MBCs 2.0 -8.0 μL/mL) at any daytime of harvest, the weakest being at 19h (MIC and MBC 12.0 -32.0 μL/mL). The daytime of harvest can influence the composition of oils and their activities on bacteria.
Introduction
At least 75 -95 % of the world populations of developing countries still rely on traditional medicines for treatments, a major part of them involving the use of plant extracts or their bioactive constituents as reported by World Health Organization 1 . The inadequate use of antibiotics caused multiresistance of Salmonella spp., which is the second most commonly reported food poisoning bacterium 2 . Foodborne Listeria monocytogenes is also an important pathogen due to the severity of infection with high mortality rate. The diseases, salmonellosis and listeriosis, caused by these pathogens induce serious public health and economic concerns for societies in developing countries and even developed countries 3, 4 . Therefore, there is a need for natural alternatives. Essential oils, extracts or secondary metabolites from medicinal plants have been found to possess promising biological activities [5] [6] [7] [8] . The genus Ocimum, belonging to the Lamiaceae family, contains approximately 50-150 species and is found in tropical and subtropical regions of Asia, Africa, and Central and South America 9 . Some important species of the genus Ocimum such as O. basilicum (sweet basil), O. americanum (syn. O. canum, hoary basil) and O. gratissimum (African basil) have been widely used as medicinal plants, culinary herbs and insect-controlling agents. The essential oils obtained by hydrodistillation or steam distillation from these aromatic and medicinal herbs were shown to possess good antimicrobial activities against a wide range of microorganisms 7, [9] [10] [11] [12] and also antioxidant activities 10, 13 . The biological activity of the essential oils depends on their chemical compositions, which could be influenced by several factors such as agronomic conditions 14 , genotypes of plants 15 , drying methods 16 , extraction methods 17 , geographical locations 18 and harvest seasons 10 . However, the effects of different daytimes of harvest on their chemical composition could not be neglected. Previous works have reported the influence of harvesting time on chemical characteristics of some essential oils from the Lamiaceae family 19, 20 . To make the collected products more valuable, further investigation on biological acti-vity needs to be considered. Therefore, the aim of this study was to determine the chemical composition and the antimicrobial activity of essential oils obtained from three Ocimum species: Ocimum basilicum, O. canum and O. gratissimum against L. monocytogenes and S. Typhimurium as a function of harvesting time.
Experimental

Plant materials
The fresh leaves of Ocimum basilicum L., Ocimum canum Sims and Ocimum gratissimum L. were collected at Abomey-Calavi in the south of Benin. The samples were harvested at 7h, 10h, 12h30, 16h and 19h on the same specimen. The plant species were identified by the National Herbarium of the University of Abomey-Calavi, Benin, where the three voucher specimen AA6375/HNB (O. basilicum), AA6378/HNB (O. canum) and AA6381/HNB (O. gratissimum) were deposited. The leaves were air dried for three days under laboratory conditions. The dried samples were distributed in batches of 100 grams in transparent bags, doubled by black bags and stored in boxes until extraction.
Extraction of essential oils
The air dried samples were subjected to hydrodistillation for three hours in an improved Clevenger-type apparatus 21 . The extraction of each sample was carried out in triplicate. Each essential oil was dried over anhydrous sodium sulfate and preserved in an amber vial at 4°C until GC-FID, GC-MS and biological analysis. The essential oils yields were calculated taking into account the dried vegetable.
Gas chromatography-flame ionization detector (GC-FID)
The GC-FID analysis was adapted from the work of Kpoviessi et al., 22 . It was carried out on a FOCUS GC (Thermo Finnigan, USA) using the following operating conditions: CP Wax 52 CB capillary column (30 m × 0.25 mm i.d., film thickness 0.25 μm) (Agilent Technologies, USA); injection mode: splitless; injection volume: 1 μL (dilution with tert-butyl methyl ether); split flow: 10 ml/min; splitless time: 0.80 min; injector temperature: 260°C; oven temperature was programmed as following: 50°C to 250°C at 6°C/min and held for 5 min; the carrier gas was helium with a constant flow of 1.2 mL/min; FID detector temperature was: 260°C
. Data were recorded and treated with the ChromCard software (Thermo Scientific, USA).
Gas chromatography-mass spectrometry (GC-MS)
MS identification of compounds was realised on a TRACE GC 2000 series (ThermoQuest, USA), equipped with an autosampler AS2000 ThermoQuest 22 . The GC system was interfaced to a Trace MS mass spectrometer (ThermoQuest) operating in the electronic impact ionisation mode at 70 eV. The same CP Wax 52 CB capillary column was used for the separation using the same gradient and injection parameters as for the GC-FID method. The transfer line and the MS source were set at 260°C. Data were recorded and analyzed with Xcalibur 1.1 software (ThermoQuest). The mass spectra were analyzed and compared using reference standards and NIST/EPA/NIH library.
Individual components of the volatile oils were identified by comparison of their retention times with those of reference standards, computer matching of their MS spectra with commercial EI-MS spectra library or home-made mass spectra library made from pure substances and components of known oils 22 and confirmed by comparison of the GC retention indices (RI) (determined from the retention times of a series of nalkanes "C7-C28" mixture) 23 . The Kovats indices (KI) calculated were in agreement with those reported by Adams 24 . Quantification (expressed as percentages) was carried out by the normalization procedure using peak areas obtained by FID.
Bacteria
The two foodborne pathogenic bacteria used in the present study were Gram-positive Listeria monocytogenes NCTC 11994 and Gram-negative Salmonella Typhimurium ATCC 14028. The test bacteria were maintained on Plate Count Agar (PCA) (Oxoid, UK) at 4°C, and freshly cultured by transferring into Brain Heart Infusion (BHI) (Oxoid, UK) broth and incubated at 37°C before use.
Paper disc diffusion assay
The antibacterial activity of the essential oils and linalool, carvacrol and thymol (SigmaAldrich Chemie GmbH, Steinheim, Germany), the main constituents of these oils, was determined by paper disc diffusion method. A volume of 20 μL of each sample was impregnated into the paper disc of 6 mm diameter (Biomérieux, France), and then placed on the surface of prepared Mueller Hinton agar (Oxoid, Germany) plated with 200 μL of 10 6 cfu/mL inoculum. Three standard antibiotics: ampicillin (10 μg/disc), chloramphenicol (30 μg/disc) and streptomycin (10 μg/disc) (Biomérieux, France) were used as reference controls for the tested bacteria. The plates were then incubated at 37°C for 24h. The antibacterial activity was evaluated by measuring the diameter of inhibitory zones in millimeters using digital caliper Top Craft (Globaltronics GmbH & Co. KG, Germany) and results were expressed as means of five determinations.
Broth microdilution assay
Determinations of minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) were carried out by broth microdilution assay with 96-well microtiter plates against L. monocytogenes and S. Typhimurium. This assay was adapted from Bouhdid, Abrini, Zhiri, Espuny and Manresa 25 with some modifications. Briefly, a volume of 100 μL of MuellerHinton broth (MHB) (Oxoid, UK) containing 0.5 % (v/v) of Tween 20 was distributed from the second to the 12 th well of each line of a 96 well microtiter plate. The solution of essential oils from Ocimum species was prepared in MHB containing Tween 20 to reach a final concentration of 64 μL/mL. A volume of 200 μL of these solutions was added to the first well of each microtiter line. Serial two-fold dilutions were carried out horizontally from the 1 st to 10 th column and the broth exceeding 100 μL was discarded from wells of the 10 th column. The 11 th and 12 th columns were used as blank control (MHB) and bacterial growth control, respectively, because no essential oil was added. Then, 100 μl of bacterial suspension were added to each well to reach a final concentration of approximately 5×10 4 cfu/mL. The final concentrations of essential oils ranged from 0.063 to 32 μL/mL. The microtiter plate was incubated at 37°C for 18h. After incubation, 10 μl of resazurin (0.01 %) in water were added into each well to assess bacterial growth. After incubation at 37°C for 5 h, the MIC was defined as the lowest concentration of essential oils that prevented a change in resazurin color. A color change from blue resazurin to pink resorufin was indicator of bacterial growth 26 . Aliquots of 10 μL from the wells remaining blue were subcultured onto PCA (plate count agar) plates and incubated at 37°C for 24 h. The MBC was determined as the minimum concentration where no growth or only one colony was present on the PCA plate after incubation. In order to assure that the used concentrations of essential oils do not cause a change in resazurin color, a control was also carried out. The experiment was repeated on four different wells.
Statistical analysis
The data of each experiment are presented as mean values ± standard deviation of five and four determinations for paper disc diffusion and MIC/ MBC analysis, respectively. Statistical analysis of the data was performed by analysis of variance (ANOVA) using Statistical Analysis System (SAS) software version 9.1. Tukey test (inhibition diameters) and t-test (MIC/MBC) were used to evaluate the differences between the daytime of harvest. Means values were considered as significantly different when p < 0.05.
Results and discussion ield and chemical composition of essential oils
The oils' yields of all three Ocimum species collected at different hours of the day ranged between 0.57 and 0.75 %, 1.69 and 1.78 %, and 0.78 and 1.80 % for O. basilicum, O. canum and O. gratissimum, respectively ( Table 1 ). The fluctuation of essential oil content in O. basilicum was observed during daytime of harvest with the minimum oil content at 10h (0.57 %), while oil yield of O. canum were likely stable. On the other hand, O. gratissimum contained low oil content in the morning (0.78 %), the oil content increased under the sunlight and reached its maximum at 12h30 (1.80 %) before slightly declining. It shows that daytime of harvest may have an effect on the essential oil yield of each species of Ocimum. Overall, the essential oil yields of O. basilicum in the present study were comparable to those of Verma et al., 27 and Hussain et al., 10 . Those obtained from O. canum in this study were much higher than those reported by Yayi et al., 18 and Verma et al., 27 (0.1-0.30 %) for the same species, but comparable to those of Burkina Faso and Comoro Islands (1.0-2.2 %) [28] [29] [30] . O. gratissimum contained higher oil yields than those reported by Kpoviessi et 5, 7, 27, 32 . These essential oils did not contain compounds such as camphor and Emyroxide, which were previously reported as main constituents in plants from other countries 9, 12 . Other chemotypes of O. basilicum found in different regions in the world are: methyl chavicol 27, 33 , linalool 12 , linalool/methyl chavicol 34, 35 , linalool/methyl cinnamate 27 , linalool/citral 27 linalool/ eugenol 7, 27 , eugenol/methyl eugenol 16 , 1,8-cineole 9 and citral 12 .
In the present study, it is noticed that the main component (estragol 43.0 -44.7 %) showed almost no variation at the different daytimes of harvest. On the other hand, there were changes in the percentages of other components such as linalool (24.6 -30.5 %), 1,8-cineole (8.2 -12.8 %), β-bergamotene (1.3 -3.5 %) and τ-cadinol (1.3 -3.6 %). Moreover, the contents of linalool and 1,8-cineole were the lowest in the sample collected at 19h. 37 . In the present investigation, the influence of the harvesting time on the composition of essential oils was also observed. Specifically, the content of carvacrol in O. canum leaves decreased gradually from the beginning of the day (7h) (29.0 %) to reach a minimum in the afternoon (12.0 %) before ascending to 30.8 % at 19h. On the other hand, β-selinene content increased during the day except at 19h. Considering the second major constituent (p-cymene), a diurnal variation was observed (17.5-26.2 %), while there were slight changes in other components as α-pinene (5.6-7.9 %), β-myrcene (4.4-6.1 %) and 3-carene (8.3-10.7 %).
Thymol was found as major constituent in leaf essential oil of O. gratissimum, followed by γ-terpinene and p-cymene. These results were in agreement with the work of Ngassoum et al., 38 suggesting the chemotype thymol/γ-terpinene/pcymene. On the other hand, Kpoviessi et al., 31 found that p-cymene was predominant in O. gratissimum, followed by thymol and γ-terpinene. The investigated chemotype differs from those reported previously, which were the eugenol type 12, 27, 34 , linalool type 39 , methyl cinnamate type 40 and ethyl cinnamate type 41 . Variations of the percentages of chemical constituents were observed according to daytime of collection, including major constituent as thymol (28.3-37.7 %), γ-terpinene (12.5-19.3 %) and p-cymene (12.1-18 %). Being highest in the morning at 7h, the content of thymol (37.7 %) decreased progressively to 28.3 % at 12h30 before ascending to 32.6 % at 19h, while p-cymene content highly increased at 12h30. In contrast to thymol behaviour, γ-terpinene, the second major constituent in O. gratissimum oil, was the lowest at 7h, and then constantly reached high content from 10h to 16h before decreasing at 19h. This variation could be due to interconversion of between components, which referred to the complexity of biosynthetic reactions taking place in the plant during daytime 20 . Other major components in O. gratissimum oils such as α-pinene, β-pinene and 2-carene followed the similar variation than γ-terpinene and pcymene.
Comparison of our findings to those reported in previous studies showed differences in terms of yields and chemical compositions of these oils. This could be due to a number of factors including differences in agronomic conditions 14 , planting site or geographical locations 12, 20 , season at the time of collection 10 , stage of development 20 , processing of plant materials before extraction of oils 16, 20 and occurrence of chemotypes (varieties) 27, 36 .
Antibacterial activity of essential oils
The antibacterial activity of essential oils of O. basilicum, O. canum and O. gratissimum against foodborne pathogenic L. monocytogenes and S. Typhimurium is presented in Tables 2 and 3 . The three Ocimum species exhibited antimicrobial activity against both pathogens. The results from paper disc diffusion assay followed by MIC and MBC indicated that O. basilicum oils collected at different timeframes showed similar weak activities with diameters of inhibition zones ranging from 10.6-11.9 mm and MICs/MBCs of 6-16 μL/ mL / 8-32 μL/mL for L. monocytogenes and 10.0 -11.5 mm with MICs/MBCs of 2-12 μL/mL / 2.50 -12 μL/mL for S. Typhimurium. The antimicrobial activity of O. basilicum var. difforme oil of similar composition against bacteria including L. monocytogenes and L. ivanovii using the disc diffusion method was already reported by CarovicStanko and co-authors 7 . We observed that the antimicrobial effect varied in function of harvesting time since the growths of both L. monocytogenes and S. Typhimurium were inhibited by O. basilicum oils collected from 7h to 16h with MICs of 6 μL/mL and 2-3 μL/mL, respectively, whereas O. basilicum oil from 19h appeared to be less active with MIC of 12 μL/mL. This antimicrobial activity seemed to be related to the content of linalool, as the sample collected at 19h had the lowest linalool content. Some studies also demonstrated that higher linalool containing oils of O. basilicum exhibited higher antimicrobial activity 7, 10 . Furthermore, the major compound (methylchavicol = estragol) was previously shown to be devoid of antimicrobial activity 5 . We also observed that linalool may explain a significative part of the activity on S. Typhimurium even though no inhibition zone was observed on the strain of L. monocytogenes we used (Table 2 ). This compound is already known to possess antimicrobial activities 9, 10, 32, 42, 43 . On the other hand, O. canum and O. gratissimum exhibited strong antimicrobial activities. Based on the results obtained from paper disc diffusion assay, the antibacterial activity of O. canum decreased progressively from 7h to 16h before recovering its activity at 19h (p < 0.05). The O. canum oils collected at 7h and 19h were clearly found to be the most active against both pathogens with no significant difference. The MIC/ MBC values at 19h were 0.50/1.25 μL/mL against L. monocytogenes, and 1.0/1.25 μL/mL against S. Typhimurium. Previously, O. canum oil was found to be effective against a wide range of bacteria including L. monocytogenes, L. ivanovii, L. innocua and S. enterica using paper disc diffusion assay 7, 29 . In this study, the highest antibacterial activity corresponded to the highest content in carvacrol (30.8 %) present in oil of O. canum harvested at 19h. Tests realized with pure carvacrol, known to possess antimicrobial activities [42] [43] [44] [45] showed that it can almost completely explain the antibacterial activity of the oils.
Even if all oils of O. gratissimum give a quite similar effect in the paper disc diffusion test against L. monocytogenes, the activity was found to be lower (MIC and MBC 1.50 μL/mL) at noon time (p < 0.05). Against S. Typhimurium, their activities were also similar with MIC of 1.00 μL/ mL, except at 12h30 showing a higher MIC of 1.50 μL/mL. This could be related to lower thymol content (28.3 %). The activity of O. gratissimum oil against some bacteria and fungi were also reported in previous works 11, 31, 39, 46 . Among previously published studies, the antibacterial activity of thymol-containing oil of O. gratissimum was only reported in the work of Ngassoum and co-authors 37 against some Gramnegative and Gram-positive bacteria other than L. monocytogenes and S. Typhimurium. Thymol was also previously shown to possess antimicro-bial activities [42] [43] [44] [45] and inhibition diameters obtained for thymol in the same concentration as in the different oils show that it is responsible for an important part of the activity, but other antimicrobial components are also present.
Interestingly, to our knowledge, it is the first time that the antimicrobial activities of these carvacrol and thymol types of O. canum and O. gratissimum against L. monocytogenes and S. Typhimurium are described.
Conclusion
Overall, O. basilicum oils showed weak antimicrobial activity against both pathogenic L. monocytogenes and S. Typhimurium, while O. canum and O. gratissimum oils exhibited prominent inhibitory actions. The impacts of harvesting time on the antimicrobial efficacy and the compositions of the essential oils from the three Ocimum species collected in Benin were also observed. This effect has to be taken into account, in addition to the effects of the chemotype, geographic localization, composition of the soil, maturity of the plant or season of collection. Our findings will help to select the best harvesting time for optimal antimicrobial activity. Further studies should be considered to evaluate their practical effectiveness in food preservation. Furthermore, the safety and toxicity of these essential oils need to be evaluated beforehand.
